ABSTRACT: Measurements of the efficiency of photosystem (PS) II have become widespread in biological oceanography, and various forms are used to assess the 'health' of marine phytoplankton and to help estimate primary productivity. Absolute values of PS II efficiency depend to some extent on the measuring system, but changes in PS II efficiency are most commonly interpreted in terms of cellular acclimations to changing irradiance (including photoacclimation and photoinhibition) and nutrient availability (especially N and Fe). Recent measurements of phytoplankton viability in the surface ocean have revealed that in many regions phytoplankton assemblages may contain large proportions of dead cells. The effect of these dead cells on apparent PS II efficiency is largely unknown. By mixing live and dead cells and measuring PS II efficiency, we show that the presence of photosynthetically non-functional (dead) cells has surprisingly little effect; in a number of species, mixtures in which 50% of the cells were dead had values of 0.5, similar to values often found in natural assemblages. A simple model indicates that the non-linear nature of the fluorescence ratio is responsible for this unexpected result. We conclude that relatively high values of PS II efficiency cannot be used as evidence of low mortality. Our findings highlight the need for more information on the physiological status of both eukaryotic and prokaryotic microalgae in nature.
INTRODUCTION
Oceanic net primary production (NPP) is a critical parameter in understanding the global ocean, but is difficult to measure synoptically. Typically, NPP is calculated from surface chlorophyll a concentration (chl a), determined using satellite-based optical sensors (Behrenfeld et al. 2005) . Such methods depend on 'sea-truthing' for which in situ chlorophyll fluorometry, involving measurements of the efficiency of photosystem (PS) II, has been an important tool to help understand how to convert chl a to NPP and to reveal spatial and temporal variability in photosynthetic production. Within an appropriate theoretical framework, chlorophyll fluorescence methods can be used to predict photosynthetic rates (Kolber & Falkowski 1993 , Suggett et al. 2004 . There are several different methods for measuring chlorophyll fluorescence (see Table 1 ), and a wealth of parameters that can be derived (Kromkamp & Forster 2003) . A commonlyused and robust parameter is the ratio of variable to maximum chlorophyll fluorescence made under darkacclimated conditions (F V /F M ). F V /F M is a measure of the capacity for noncyclic photosynthetic electron flow in cells, and is affected by light, nutrients and other environmental factors (Cullen & Davis 2003) . Thus, changes in F V /F M are thought to reflect the 'photosynthetic health' of the phytoplankton community, and to be affected mainly by cellular acclimations to changing abiotic conditions.
A basic assumption in fluorescence methods is that the chl a detected represents physiologically competent (i.e. living) cells. Many biological oceanographers assume that dead cells are rapidly lost from surface waters by sinking, grazing, or by bacterial decomposition (Berges & Falkowski 1998) and high community PS II efficiency values are taken as reflecting acclimation across the entire phytoplankton community (Table 1) . However, recent field studies indicate that phytoplankton communities can contain large proportions of dead cells, and that these dead cells can, at times, be the most abundant fraction in surface waters (van Boekel et al. 1992 , Hayakawa et al. 2008 . Such conclusions come from combinations of cell-based viability staining and enzyme assays, which show that the majority of the eukaryotic microalgal assemblage can persist as dead, pigment-containing cells (Veldhuis et al. 2001 ). In the oligotrophic central Atlantic, cyanobacterial populations also show large proportions (> 50%) of intact, but dead cells (Agustí 2004) .
The potential impact of these dead cells on estimates of NPP and PS II efficiency measurements is unclear: whilst PS II efficiency clearly responds to nutrient limitation in cultures and in natural communities, the effect of dead cells on PS II efficiency has not been explicitly tested under laboratory conditions. Some field measurements suggest that where abiotic conditions change suddenly, for example at the mouth of an estuary, mass microalgal mortality can be accompanied by a relatively constant PS II efficiency (Dijkman & Kromkamp 2006) which suggests that PS II efficiency may be insensitive to physiological condition. The use of chlorophyll fluorescence as a precise physiological indicator in field assemblages was also questioned by Cullen & Renger (1979) who introduced the concept of 'inactive fluorescence' and its potential to colour the interpretation of fluorescence ratios. Given the growing realisation of the presence of dead phytoplankton cells in surface waters, and the importance of surface water chlorophyll to NPP calculation, we examined the effect of dead cells on apparent PS II efficiency. ) and inspection with epifluorescent or light microscopy (Crippen & Perrier 1974 , Veldhuis et al. 1997 . The viability of heat-killed cells was also checked by inspection of treated cultures; the absence of regrowth, and cell loss over the following days, further supported a total loss of viability. Dead cells (D) were recounted after the killing-treatment and then mixed with live cells (L) from the source culture in the following proportions: 0D:100L, 25D:75L, 50D:50L, 75D:25L, and 100D:0L. 'Initial fluorescence', i.e. the fluorescence of mixtures of live and dead cells, not under experimental irradiance due to the need to manipulate the cells in the laboratory, here refered to as F 0 '; and F V '/F M ' (see above) were plotted as a function of dead cell concentration.
MATERIALS AND METHODS

RESULTS AND DISCUSSION
We used a suite of species representing most of the major phytoplankton taxa and found that the pattern of decline in PS II efficiency with cell death was common to all species. Heat-killed cells were intact and retained chlorophyll, though initial fluorescence was reduced by up to a maximum of 80% (Fig. 1) . In mixtures containing 0% dead cells F V '/F M ' ranged from 0.68 (Prochlorococcus) to 0.39 (Amphidinium carterae); all other species had a F V '/F M ' > 0.54. In heat-killed suspensions (100% dead cells) F V '/F M ' was 0 in all species. Surprisingly, F V '/F M ' was relatively insensitive to the proportion of dead cells present in the mixture; 25% dead cells reduced F V '/F M ' by only 5%, and when half the cells were dead, the decline in F V '/F M ' was typically less than 20% (Fig. 1) . This pattern is due to 'dead cell chlorophyll' contributing to the instrumental reading of F 0 in live/dead mixtures, but not F M , since dead cells have zero 'active' or 'variable' fluorescence (i.e. F M -F 0 , or F V ). The overall effect is that the decline in the ratio of F V '/F M ' is slight until a relatively high proportion of dead cells are present in the mixture (Fig. 1) Table 1 ) could indicate modest nutrient limitation of living cells, but they are also consistent with the presence of a large fraction of dead (or perhaps quiescent) cells. The presence of metabolically-inactive cells could explain the strong uncoupling between primary production and chl a biomass in the subtropical gyres (Marañón et al. 2003) . Marañón et al. (2003) demonstrated that the photosynthetic response of quiescent cyanobacterial cells to episodic nutrient inputs is the dominant factor in uncoupling chl a biomass and primary production. The role of quiescence in the lifehistory of eukaryotic microalgae is less clear, but indirect evidence, such as the speed at which eukaryotic microalgae respond to changed nutrient conditions both in biomass and diversity, suggests that persistent 'seed' populations could be significant components of the eukaryotic phytoplankton. Seeding from benthic resting stages is well-accepted, especially for diatoms, but the importance and possible persistence of such stages in the oceanic realm is much less clear. Diatom resting stages have chlorophyll (Doucette & Fryxell 1983) , indicating the potential for uncoupling between chlorophyll biomass and primary production in eukaryotic as well as prokaryotic microalgae. Other possible cell fates include death due to pathogen attack and zooplankton grazing, both of which likely result in rapid cell lysis or removal and therefore quickly reduce biomass. In contrast, the cell death induced by environmental stress may result in a greater persistence of dead cells, and further contribute to the uncoupling of chl a biomass and primary production in oceanic systems. In addition to sinking and grazing, a third major fate for phytoplankton production has been mooted , Franklin et al. 2006 ) namely natural cell death, which can be induced by the oxidative stress that accompanies high irradiance. Such a cell death pathway appears to be particularly significant for cyanobacteria (Llabares & Agustí 2006) which are responsible for a large fraction of marine primary production ).
An obvious question arising from this work is whether using heat-killed cells in our live/dead mixtures is a realistic representation of dead cells in nature. Heat-killed cells have a shrunken appearance, with cytoplasmic bunching and reduced chlorophyll fluorescence. These characteristics are similar to the 'senescent' appearance of microalgae in nutrientexhausted batch cultures, which are also called 'chlorotic' cells (La Roche et al. 1993 , Franklin & Berges 2004 ). Therefore, heat-killed cells may offer a reasonable physical simulation of natural dead cells, if one accepts that natural cell death in nature is caused primarily by nutrient starvation and results in the chlorotic state. It appears likely that a combination of high irradiance and low nutrients is often a cause of phytoplankton cell death in nature; the cyanobacterium Trichodesmium, for example, undergoes mass cell death in response to this type of environmental stress, and in addition, Trichodesmium cell death appears to be 'programmed' (Berman-Frank et al. 2004) . We have also experimented with other methods of generating dead cells for these experiments, such as killing with chemicals (H 2 O 2 , NaNO 2 and formaldehyde) and also with light and nutrient deprivation. Results were broadly similar, though carry-over of toxins in mixtures are a problem in the former case, and low numbers of surviving cells and cell detritus in the latter cases make a 'clean' test difficult.
Lastly, our data have implications for understanding the increased community PS II efficiency which occurs after nutrient (e.g. iron) enrichment during large-scale field studies. In the Eisenex study, PS II efficiency increased from 0.3 to around 0.55 due to iron enrichment of a patch of the Southern Ocean. The main consequence of supplying iron was to increase the chl a biomass and primary productivity of the microphytoplankton, however, the increase in primary productivity soon (after 2 wk) became uncoupled from chl a biomass, and this uncoupling was attributed to physical variability in the upper water column (Gervais et al. 2002) . Although we have shown that high apparent PS II efficiency is possible even when a large fraction of the autotrophic biomass is photosynthetically nonfunctional, increases in PS II efficiency due to micronutrient enrichment must represent an increase in the rate of Fe-dependent synthesis of PS II units since they correlate with increased chl a biomass (Gervais et al. 2002) . Our data shows that an increase in PS II efficiency of 0.25 can correspond to an increase of 50% in the number of viable cells. By measuring phytoplankton physiological state, and biomass, before, during and after nutrient enrichment, it should be possible to learn if the change in PS II efficiency involves the selection, and subsequent division, of the viable fraction in previously heterogenous populations. As has been shown for bacterioplankton, it is currently exceedingly difficult to encapsulate all the metabolic heterogeneity that exists within microbial populations with single-stain techniques (Pirker et al. 2005 ). In the bacterioplankton literature, the presence of metabolically-inactive cells is much better appreciated, with 0.1 to 99% of cells recognised as 'inactive' or 'dead' depending on the sample and assessment method (Pirker et al. 2005) . Viability and quiescence are unappreciated, yet fundamental, properties of phytoplankton cells which will likely effect important biogeochemical reactions. Thus, flow cytometric work to characterise the metabolic diversity of natural phytoplankton assemblages, in conjunction with laboratory validation of staining techniques, appears an attractive priority for research. Schlittenhardt PM (1996) 
